Pyronin Y (PY) has a strong resonance fluorescence in sulfuric acid medium. The characteristics of the resonance fluorescence spectra and the factors affecting the spectra were studied. A catalytic resonance fluorometry method for the determination of hydroquinone was proposed based on the catalytic effect of hydroquinone on the oxidation of PY by potassium bromate. The oxidation of PY resulted in the decrease of the resonance fluorescence intensity. The influences of several variables on the sensitivity were studied. At the optimized conditions, the decrease of the resonance fluorescence intensity was in proportion to the concentration of hydroquinone in the range of 4.42 -1.60 ¥ 10 3 mg l -1 , and the detection limit was 1.46 mg l -1 . The proposed method was applied successfully for the determination of trace hydroquinone in environment samples. The relative standard deviation was less than 3.90% and the recoveries were in the range of 95.2 -104.0%.
Introduction
Hydroquinone as a kind of organic contaminants existing in the environment is drawing much attention because of its hazardous characteristics including carcinogenesis, teratogenesis and mutagenesis. 1, 2 Therefore, it is significant to determine hydroquinone in environmental samples. 3 At present, the analytical methods for hydroquinone are mainly spectrophotometry, [4] [5] [6] chemiluminescence analysis, 7, 8 electrochemical analysis, [9] [10] [11] [12] chromatography, [13] [14] [15] and fluorometry. 16, 17 Some of these methods are expensive or time-consuming or the organic solvents being used are toxic. Pistonesi et al. 16 have reported the simultaneous determination of phenol, resorcinol and hydroquinone in tobacco smoke samples by a synchronous fluorescence method and by using a partial least-squares (PLS) algorithm. However, their method is not effective in terms of selectivity.
Pyronin Y (PY) is an organic dye that is widely used in analytic chemistry. 18, 19 Celebi et al. have studied the fluorescence quenching of PY by molecular oxygen in aqueous solution. 18 In the present study, we found that PY itself has a strong resonance fluorescence in sulfuric acid medium. This resonance fluorescence was employed for the first time to determine hydroquinone based on a sensitive catalytic effect of hydropuinone on the redox reaction of PY with KBrO3 in sulfuric acid medium. The oxidation of PY resulted in the decrease of the resonance fluorescence intensity. At the optimum conditions, the decrease of the resonance fluorescence intensity was proportional to the concentration of hydroquinone in the range of 4.42 -1.60 ¥ 10 3 mg l -1 , and a novel catalytic resonance fluorometry method of determining trace hydroquinone was developed. In our method, the instruments used are simple, and the operations are rapid and convenient. The method is easy to use widely for the analysis of trace hydroquinone in water samples from the environment and in waste developing agents with high sensitivity and good selectivity. Furthermore, the reaction mechanism had initially been studied.
Experimental

Apparatus
The resonance fluorescence spectrum and the intensity of resonance fluorescence were measured with a Hitachi 4500 spectrofluorometer (Japan) equipped with a 1-cm quartz cell. The slit widths of both excitation and emission light were kept at 10 nm. All absorption spectra were measured on a UV-8500 spectrophotometer (Shanghai Trianmei Instrument Factory, China). A tri-function thermostat water bath was used to control the reaction temperature. A stopwatch was used for recording the reaction time.
Reagents and solutions
A hydroquinone stock solution (1.00 g l -1 ) was prepared by dissolving 1.00 g of hydroquinone in doubly distilled water and diluting to 1000 ml in a volumetric flask. The solution with a working concentration of 5.00 mg l -1 was prepared by diluting the stock solution.
A solution of PY (1.00 ¥ 10 -4 mol l -1 ) was prepared by dissolving PY in doubly distilled water. A sulfuric acid solution (0.10 mol l -1 ) was prepared by diluting 1.40 ml of 96% H2SO4 in 250 ml with doubly distilled water. Potassium bromate solution (0.10 mol l -1 ) was prepared by dissolving KBrO3 with doubly distilled water. All chemicals used were of analytical reagent grade and doubly distilled water was used throughout.
General procedures
Into a 10-ml colorimeter tube, several solutions were added in the following order: 1.00 ml of PY solution, 1.40 ml H2SO4 solution, 1.00 ml KBrO3 solution and an appropriate amount of hydroquinone or sample solutions. The mixture was diluted to 10 ml with water. After being shaken well, the mixture was placed in a water bath for heating at 60˚C for 14 min. Then it was rapidly taken out and cooled under ice water to stop the reaction. The resonance fluorescence spectrum was obtained by synchronously scanning with Dl = 0 from 490 to 630 nm in a 1-cm quartz cell with slit width at 10 nm for the excitation and emission.
The intensity of resonance fluorescence was measured at the maximum resonance fluorescence wavelength of 556 nm. The decrease of the resonance fluorescence intensity was represented as DF = F0 -F, here F0 and F were the resonance fluorescence intensities of the reaction system with and without hydroquinone, respectively.
Results and Discussion
Spectral analysis
The resonance fluorescence spectra of the reaction system obtained from the experiments are shown in Fig. 1 . (1) In the wavelength range of 530 -580 nm, PY itself has strong resonance fluorescence in dilute sulfuric acid medium and the maximum resonance fluorescence wavelength is located at 556 nm. The resonance fluorescence peak is narrow and symmetric. (2) The intensity of the resonance fluorescence signals of PY + H2SO4 system and PY + H2SO4 + C6H4(OH)2 system were almost the same over the whole wavelength range from 490 to 630 nm (curves 1 and 2), which indicates that hydroquinone does not react with PY and does not influence the resonance fluorescence signal of PY. (3) A visible decrease of the resonance fluorescence intensity of PY can be observed (curves 3 -9) after adding the oxidizing agent KBrO3 into the solution of PY + H2SO4 + C6H4(OH)2. The decrease of the intensity indicated that PY was oxidized by KBrO3 and that hydroquinone catalyzed the reaction, which resulted in the breakdown of the p-p conjugated system of PY molecule and the fluorescence quenching. At 556 nm, the decreased resonance fluorescence intensity was in proportion to the concentration of hydroquinone, which suggested that a new assay method for hydroquinone should be established.
The comparison of the general fluorescence spectra of PY + H2SO4 with PY + H2SO4 + C6H4(OH)2 system is shown in Fig. 2 . The general fluorescence peak of PY is located at 565 nm. The range of general fluorescence wavelength (530 -630 nm) is wider than that of resonance fluorescence wavelength (530 -580 nm). It can be seen that the intensity of general fluorescence of the system becomes more strong with adding hydroquinone as hydroquinone would influence the general fluorescence signal of PY, which might affect the accuracy of quantitative analysis. Figure 3 shows the fluorescence excitation, emission spectra and resonance fluorescence spectra of PY. The maximum excitation and emission wavelengths are located at 548 and 565 nm, respectively, and the excitation spectra is overlapped with the emission spectra over a wide wavelength range because the Stokes shift is very small. The maximum overlap of the spectra is located at 556 nm, which is equal to the resonance fluorescence peak.
When excitated by absorbing excitation light, a gaseous atom would emit strong resonance fluorescence which is at the same wavelength as that of the absorption light. Generally speaking, the fluorescence wavelength of molecules or ions in solution is longer than the excitation wavelength (Stokes shift) because of the interaction of fluorescence species with solvent, so the observation of the resonance fluorescence in solution is not easy. Therefore, the studies on molecular resonance fluorescence technique have rarely been found, and the assay using molecular resonance fluorescence technique for the rapid and sensitive determination of hydroquinone has not yet been reported. Molecule resonance fluorescence can be regarded as a peculiar synchronous fluorescence with Dl = 0. It has a important peculiarity that can eliminate the effect of other concomitant fluorescence substances. The experimental results indicated that many foreign substances (including hydroquinone) do not interfere with the resonance fluorescence signal of PY. So the accuracy and selectivity of this analytical method would be effectively enhanced.
According to published researches, 20 the light signal obtained by synchronously scanning with Dl = 0 would include resonance fluorescence signal and resonance light scattering signal. We obtained the three dimensional fluorescence spectrum of PY in sulfuric acid solution (Fig. 4) . As is shown in Fig. 4 , a string spectral loop is seen from the lower left corner to the top right corner (at diagonal of Fig. 4 , with lex = lem), which could be judged as resonance light scattering. The intensity of the string spectral loop becomes weak with the increase of the wavelength and the loop disappears at the top right corner, which is in accordance with the Rayleigh scattering law, 23 namely I µ 1/l 4 . Observingly, the two signals overlap with each other in the range of 530 -580 nm, which indicates that the emission signal contains resonance fluorescence and resonance light scattering when lex = lem in this wavelength range. Currently, the resonance fluorescence signal can merely be measured in a given wavelength range, while resonance light scattering signal can be measured in all wavelength range. However, the spectra shown in Fig. 1 displays the characteristics of resonance fluorescence spectra of PY, because the emission peak is spiky, symmetrical and slippery, and differs entirely from the characteristics of resonance light scattering spectra which display wide, asymmetrical and sawtoothed profiles. The experimental results also showed (Fig. 4) that the resonance fluorescence signal of PY is strong (lmax = 556 nm), while the resonance scattering signal is weak in 530 -580 nm, and that the intensity ratio of the two signals is about 1100:1 at 556 nm.
Influence of the quantity of addition of H2SO4, PY and KBrO3
Because the reaction took place in acidic medium, the effects of various acid types such as sulfuric, phosphoric, hydrochloric and nitric acid on DF were studied. The results showed that the maximum DF was observed in H2SO4 medium. Therefore, we chose H2SO4 medium for the determination. Experiments indicated that the acidity had a large effect on DF. The effect of H2SO4 (0.10 mol l -1 ) volume was examined in the range of 0.50 -2.50 ml, and the results are shown in Fig. 5 . It can be seen that the maximum DF was obtained in the H2SO4 volume range of 1.20 -1.80 ml. So 1.40 ml of the H2SO4 solution was chosen to be added for the determination.
The concentration of PY influenced on the resonance fluorescence intensity of the system remarkably. The effect of PY (1.00 ¥ 10 -4 mol l -1 ) volume on DF was examined in the range of 0.50 -2.50 ml and the results are shown in Fig. 5 . The tests showed that the DF increased with increasing volume of PY when the PY volume was less than 0.80 ml whereas when the PY volume was more than 1.20 ml, the lower DF may result from the bigger reagent blank. The DF reached a maximum with increasing PY volume at 1.00 ml.
The effect of KBrO3 (0.10 mol l -1 ) volume on DF was examined in the range of 0.5 -2.50 ml and the results are shown in Fig. 5 . The biggest DF was observed when the amount of KBrO3 volume added was 1.00 ml.
Effect of temperature and time
After we had prepared the solution according to the empirical method and controlled the temperature of the solution from 30 to 70˚C, the DF values were detected every 5˚C. The experimental results indicated that the DF reached the maximum at 60˚C, and the resonance fluorescence intensity remained stable for at least 1 h after cooling; thus, this system exhibits good stability in the experiment. The heating time selected was 14 min and the cooling time chosen was 5 min.
Analytical parameters
The calibration graph for the determination of hydroquinone was described at the optimum conditions. The results showed that there was a linear relationship between the DF and the concentration of hydroquinone in the range of 4.42 -1.60 ¥ 10 3 mg l -1 . The linear regression equation was DF = 2060.0c (mg l -1 ) + 163.2 for hydroquinone with a correlation coefficient of R = 0.9989. The detection limit was 1.46 mg l -1 for hydroquinone, which was calculated according to 3S0/S, where S0 is the standard deviation of the blank measurements (n = 11) and S is the slope of the calibration graph. The relative standard deviations for the eleven determinations of 0.02, 0.40 and 1.20 mg l -1 of hydroquinone were 3.20, 2.64 and 2.16%, respectively. The results indicated that the precision of the method was good.
Tolerance of foreign substances
The effects of some foreign substances on the determination of 0.50 mg l -1 hydroquinone were investigated. The results are shown in Table 1 . We can observe that common metal cations, inorganic anions and many organics may be tolerated at high concentration. However, Cu 2+ , Br -, and I -had lower tolerable amounts. Trace Br -and I -can be removed by silver salt precipitation, and inorganic cations can be sheltered by adding EDTA. The p-benzoquinone had a larger effect on the reaction. But the p-benzoquinone did not act as a catalyst without hydroquinone and there was not a linear relationship between the DF and the concentration of p-benzoquinone.
The interference of p-benzoquinone will be negligible since concentrations of p-benzoquinone in environmental water samples and in waste developing agent are much lower than those of hydroquinone. Therefore, the proposed method had good applicability.
Reaction mechanism analysis
As shown in Fig. 1 (curves 1 and 2) , the PY itself has a strong resonance fluorescence in sulfuric acid medium. The resonance fluorescence peak is at 556 nm; it remained stable when the KBrO3 was added into PY solution. Such results indicated that KBrO3 could not rapidly oxidize PYred to a non-fluorescence compound (PYox) without hydroquinone, because the reaction speed is very slow. After trace hydroquinone was added and heating to 60˚C was completed, the oxidation-reduction reaction could rapidly take place; this resulted in the decrease of resonance fluorescence intensity of PY. Results indicated that hydroquinone has a catalytic effect on the oxidation reaction of PY by potassium bromate in sulfuric acid medium. The reaction mechanism can be shown as follows: Here k1, k2 and k3 are the reaction rate constants. Because k2 + k3 > k1, after adding hydroquinone the reaction becomes very rapid. The total reaction can be shown as follows:
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Experiments have shown that the larger the concentration of hydroquinone was, the more rapid the reaction was. While the reaction time was kept the same, the decrease of resonance fluorescence intensity of the system was in proportion to the concentration of hydroquinone: DF µ c.
Analytical application to samples
Samples were pretreated using an appropriate modification of the method of Bao et al. 24 Water samples from two ponds were collected in test beakers. Each water sample was filtrated with filter paper, and analyzed directly by using the developed method after 2.0 ml of EDTA solution (10 mg l -1 ) was added to 2.0 ml water sample for sheltering cations.
Waste developing agent was collected from the clinical laboratory of a hospital. Five milliliters of the waste developing agent were adjusted to pH 7 with sulfuric acid solution and diluted to 100 ml with doubly distilled water in a volumetric flask. Hydroquinone of the samples was determined according to the linear relationship of the proposed method.
Under the experimental condition, the proposed method was applied for the determination of hydroquinone in samples. Recovery tests of hydroquinone were carried out by adding a known amount of hydroquinone to the samples. Simultaneously, a comparison of the results for the proposed method with those for the HPLC method was taken, the results were in agreement with those obtained by the HPLC. All the determination results are listed in Table 2 . It is obvious that this method for the determination of hydroquinone is reliable, sensitive and practical.
Conclusion
A catalytic resonance fluorometry method for trace hydroquinone determination with the detection limit at nanogram level was proposed based on the catalytic effect of hydroquinone on the reaction of PY with HBrO3 and the decrease of resonance fluorescence of PY. The method is simple, high sensitive, and indicates good stability and tolerance towards most coexisting substances. In the paper, the experimental results showed that the molecules resonance fluorescence was a successful technique for determination of hydroquinone in environment water samples and in waste developing agent with satisfactory recoveries. It has been verified that the molecules resonance fluorescence technique can be further developed and widened to allow application in more extensive scopes and domains.
